AND CONCLUSIONS 1. Command neurons for the pedal wave motor program (PWMP) that drives locomotion in Aplysia were examined electrophysiologically in the isolated nervous system. The cerebral ganglion contained a minimum of four command (type I) neurons that were excited by stimuli known to trigger locomotion in vivo and evoke its neural correlates in vitro.
1. Command neurons for the pedal wave motor program (PWMP) that drives locomotion in Aplysia were examined electrophysiologically in the isolated nervous system. The cerebral ganglion contained a minimum of four command (type I) neurons that were excited by stimuli known to trigger locomotion in vivo and evoke its neural correlates in vitro.
2. Type I neurons fired during both spontaneous and sensory evoked pedal wave motor program bursting in pedal nerves and motor neurons. Intracellular stimulation of type I neurons at physiological frequencies (2-8 Hz) was sufficient to initiate the pedal wave motor program in quiescent preparations.
3. Increasing the type I neuron firing frequency decreased both the latency to the first pedal wave burst and the period of ongoing bursts. Driving type I neurons maintained the motor program as long as the stimulation continued. Repeated type I neuron stimulation caused decrement of the evoked motor program.
4. Hyperpolarizing type I neurons blocked both spontaneous and sensory evoked pedal wave motor program bursting. Type I neurons thus appeared to be true command neurons, being both sufficient and probably necessary for pedal wave motor program generation.
5. The command neurons exhibited similar firing patterns due to common synaptic input. They were not monosynaptically or electronically coupled and exhibited reciprocal recurrent inhibition among themselves. Driving one command neuron inhibited the others, indicating that they were individually sufficient and did not function as a mutually excited network. Thus they constitute a redundant command system.
6. There were no direct synaptic connections between the command neurons and pedal motor neurons. The command neurons did receive excitatory synaptic input during pedal wave bursts, indicating positive feedback from the oscillator.
7. In addition to the type I neurons, other neurons were found that appeared to have a modulatory function. Type II neurons could also initiate weak bursting but did not appear necessary for motor program generation. Types IIIA and IIIB neurons, respectively, monosynaptically excited and inhibited pedal motor neurons but could not initiate pedal wave bursting. Type IIIC neurons appeared to inhibit the pedal wave oscillator. The organization of the cerebral command and modulatory neurons in the control of locomotion was considered. INTRODUCTION Locomotion is a major component of many behaviors in Aplysia and other animals. As a result, the problem of how locomotion is controlled (initiated, maintained, coordinated) is of considerable interest. Locomotion in Aplysia has as its major component pedal waves that pass rostra1 to cauda1 along the length of the foot, moving the animal forward. Regardless of whether locomotion is initiated by any of several sensory modalities (24) or is spontaneous, pedal waves are present. At any given rate of locomotion, irrespective of how it was triggered, the waves are indistinguishable. Furthermore, although the foot of Apfysia is used in behaviors other than locomotion, such as feeding, pedal waves are present only during locomotion. Pedal waves thus serve as an in-dicator of locomotor behavior. Like rhythmic behaviors in other animals, locomotion in Aplysia is generated by a central motor program. The analysis of the neural mechanisms underlying locomotion in Aplysia has been facilitated by the large identifiable neurons in its central nervous system (CNS) and the compartmentalization of the different parts of its locomotor control system into separate ganglia. The paired pedal ganglia each contain both the oscillator circuitry and motor neurons that drive the rhythmic pedal waves in the foot (10, 19, 24, 26) . The neurons responsible for initiating and maintaining the locomotor program are located in the cerebral ganglion.
In the present study, we have examined the command neurons that initiate pedal waves. While not universally accepted, the term command neuron remains useful if only for its brevity. The concept of command neurons has been the subject of debate since first introduced by Wiersma and Ikeda (41) to describe the properties of certain crustacean interneurons.
Operationally defined command neurons have been described for numerous motor systems, particularly in arthropods.
These include crustacean locomotion (32) swimmeret beating (4, 5) and escape behavior (44, 45). Recently, Kupfermann and Weiss (3 1) have tried to provide a rigorous definition of command neurons to replace the widely varying operational definitions previously used. They proposed that for a neuron to be considered a command neuron, it must be active during a particular behavior. Its firing must be sufficient to evoke that behavior. Additionally, the firing of the neuron must also be necessary for the behavior. Removing the neuron by hyperpolarizing it below threshold or killing it must block the behavior. While neurons in several systems have been shown to meet the sufficiency criterion for being command neurons (4,5, 17,40), only in a few where the number of command neurons is low (1 or 2) such as the tadpole Mauthner cells (35) and the crayfish lateral giant fibers (34) the necessity criterion has been met as well. The primary reason for this is that if the system is redundant and contains several equally sufficient command neurons (a command system), testing the necessity criterion becomes technically difficult if not impossible.
As will be demonstrated below, the cerebral ganglion of Aplysia contains a group of identifiable neurons that meet the criteria for being command neurons. These neurons are excited by stimuli that evoke locomotion in vivo and are active during pedal wave motor program generation. Intracellular stimulation of individual neurons at physiological frequencies initiates and maintains pedal wave bursting. When these neurons are removed from the neuronal circuits by hyperpolarization, the same stimuli fail to initiate the locomotor program. In addition to investigating the properties of the command neurons, the organization of the command system was also examined. A preliminary report of some of these results has already been published (12) .
MATERIALS AND METHODS
Twenty-three adult Aplysia cal$xmica were used in this study. The isolated CNS tentacle preparation that we have described previously (11, 20, 2 1) was used. Animals were opened with a dorsal incision and the entire CNS was dissected free. Both the anterior and posterior tentacles as well as the eyes were left attached to the CNS by their respective cerebral nerves. Each anterior tentacle was placed in its own sealed compartment of the experimental chamber to allow physiological stimulation.
The CNS was pinned to the floor of the central portion of the chamber. Small incisions were made over each cerebropedal (C-P) connective. Both C-P connectives were freed from the connective tissue sheath that surrounded them in order to facilitate extracellular recordings. The connective tissue sheath over the neurons in the cerebral ganglion was then surgically removed. In some preparations the left pedal ganglion was also desheathed to permit intracellular recordings. All preparations were maintained in filtered seawater kept between 14-15OC by a cold plate under the experimental chamber. Neural correlates of the pedal wave motor program (PWMP) were monitored using glass-tipped suction electrodes placed on the cut ends of fine branches of several pedal nerves. Bursting previously shown to be a correlate of the PWMP ( 10, 23, 26) was most easily recognized in the parapedal commissure nerve (PPCN) and the third branch of the posterior pedal nerve (P,J. An additional suction electrode was placed on the distal end of P9 for electrical stimulation. The latter permitted triggering of the motor program in quiescent preparations in order to be sure the entire system was functional after desheathing the ganglia. During the actual experiments the PWMP was also initiated by physiological stimulation of the tentacles. En passant suction electrodes were placed on each C-P connective. Two nerves or connectives were monitored simultaneously. These were selected independently using a switch box. Intracellular recordings from up to four neurons simultaneously were made using beveled 2.5 M potassium citrate-filled micropipettes. Neurons were intracellularly stimulated either by passing depolarizing DC currents or by trains of 20-ms pulses, with the stimulus current adjusted to give 1 spike/pulse. The latter permitted precise control of the stimulus frequency. All pedal ganglion recordings were from right and left lower quadrant neurons (sectors IIIb and 111~ of Hening et al., Ref. 19 ) previously shown to be motor neurons (10, 19). The presence of an axon in Pg was used to identify these neurons. Electrical activity from the nerves and neurons was amplified by conventional means and displayed on an oscilloscope and a six-channel chart recorder. Recordings from the latter and data stored on magnetic tape were used for subsequent analysis.
RESULTS

Criteria for pedal wave motor program command neurons
For neurons to be classified as command neurons, they had to meet several criteria. While these were intended to provide an objective basis for judging potential command neurons for Aplysia locomotion, several have applicability to other systems as well. The description of the criteria used follows. 1) Neurons had to conform to known anatomical constraints. For Aplysia, neurons had to have an axon in one or both cerebropedal (C-P) connectives, as evidenced by an extracellularly recorded axonal spike in the connective following the driven somatic spike 1: 1 with a constant latency. Intact C-P connectives had been shown to be necessary for locomotion (24), suggesting that they were the "command pathways." This criterion provided an objective means of identifying putative command neurons. It also eliminated from consideration neurons such as those in the cerebral A and B clusters that synapsed with pedal ganglia neurons (33) but did so almost exclusively via the cerebropleural connectives.
2) Intracellular stimulation of the putative command neuron had to initiate the pedal wave motor program (PWMP). Ideally, one would like to use the actual behavior. This was not attempted both for technical reasons (i.e., mechanical stability while recording from small neurons) and that it would not have been conclusive. In behaving preparations it is possible to trigger pedal waves via peripheral reflexes (22). The possibility of coincidence cannot be eliminated. Since the PWMP could be readily recognized in the isolated CNS, the latter was used both for simplicity and to avoid the pitfalls that the intact animal preparation presented. The PWMP was defined as either clear-cut bursting by units in the parapedal commissure nerve (PPCN) or the bursting of intracellularly recorded pedal ganglion motor neurons. Earlier work with semi-intact preparations (10, 22, 26) had shown that these bursts occurred 1: 1 with pedal waves regardless of how the waves were initiated. When pedal waves were absent, so were the bursts. Moreover, pedal waves occurred only during locomotion. Thus the bursting activity was simply a readily recognized part of the total pedal wave motor program. This criterion demanded that unpatterned (tonic) stimulation had to trigger patterned motor output. This eliminated the possibility that any changes in pedal nerve or neuron activity were merely correlates of a simple reflex. Intracellular recordings from pedal motor neurons also served to distinguish cerebral neurons synapsing directly (monosynaptically) with the motor neurons, as compared to those driving the PWMP oscillator circuitry.
3) Putative command neurons had to be excited by stimuli that evoked locomotion in vivo and the PWMP in vitro. For Aplysia locomotion these included food sensory (seaweed extract) and nociceptive (salt) stimulation of the anterior tentacles. Electrical stimulation of the distal end of the posterior pedal nerve (P,) was used to approximate nociceptive (salt or electrical) stimulation of the tail (24, 26, and unpublished observations). These stimuli also help determine the range of firing frequencies for command neurons. This in turn put limits on the stimulus frequencies that could be used to drive the neurons in testing the second criterion. 4) Putative command neurons had to be active during spontaneous PWMP generation. This provided supportive (but not conclusive) evidence that a putative command neuron was necessary for PWMP generation. 5) Changes in the firing frequency of a command neuron had to be correlated with appropriate changes in the PWMP. Increased command neuron firing frequencies had to result in decreases in the PWMP period (i.e., increased PWMP bursting). A decreased firing frequency had to be associated with increases in the PWMP period (decreased PWMP bursting). This criterion was important for distinguishing whether the command neuron firing was required for the maintenance of the PWMP, as opposed to only triggering the PWMP.
6) The putative command neuron had to be necessary for the initiation of the PWMP. This was tested by hyperpolarizing the neuron below threshold while trying to trigger the PWMP by sensory stimulation. The failure to elicit the sensory evoked PWMP in the absence of the command neuron's firing would show that its activity was necessary for PWMP initiation.
This helped distinguish neurons whose firing, while sufficient to initiate the PWMP, was not actually necessary as well as those whose firing served a modulatory role in the maintenance of the PWMP but were not required for its initiation.
As will be shown below, identifiable cerebral ganglion neurons met all the above criteria and thus were considered to be true command neurons. These were termed type I neurons. Since there were a minimum of four such neurons (see below), together they constituted a command system. In all, 18 type I neurons were recorded for extended periods (up to 5 h). Other neurons were also found that fulfilled some but not all of the command neuron criteria. They have been termed type II and type III neurons. How their physiological properties differed from those of the type I neurons will also be considered.
Localization of neurons
As noted above, previous work (24) had indicated that information from the cerebral ganglion necessary for initiating pedal locomotion in Aplysia reached the pattern-generating circuitry in the pedal ganglia via the C-P connectives. Neurons of potential interest in the cerebral ganglion were visualized by backfilling the C-P connectives with dye (not shown). The results of unilateral connective fills revealed the somata of stained neurons, which were located primarily in the ipsilateral C, D, and E clusters (2 1). There were also stained neurons in the contralateral C cluster. This indicated that some C-neurons either had bilateral projections into both C-P connectives or decussated with projections only in the contralateral connective. Further localization of putative command neurons was obtained in electrophysiological studies. E cluster neurons were soon eliminated from further consideration since 1) they appeared to be primarily involved in feeding (28) and 2) with the exception of having an axon in the ipsilateral C-P connective, none met any of the criteria for being command neurons. Stable recordings were obtained from 114 neurons that had detectable axons in the C-P connectives. Of these, 103 were in the C clusters, with the remainder (n = 11) in the D clusters. Contrary to expectations, axons were detected in only one connective or the other. None of the neurons sampled had axons in both C-P connectives. Of the recorded C cluster neurons, 83.5% had an axon in the contralateral connective ( Table 1) . None of the left D-(LD) neurons and only 50% of the right D-(RD) neurons examined exhibited this apparent decussation. None of the D cluster neurons met the other criteria for being command neurons. On the other hand, C cluster neurons that met the criteria were reliably found. As a result, attention was focused on the Cneurons. Foremost among these were the type I neurons, which constituted 17% of the total C-neurons examined in detail. The neurons classified as type I neurons met all the above criteria for being command neurons. There were a minimum of four type I neurons, two in each cerebral C cluster. This is an estimate based on simultaneously recording bilateral and ipsilateral pairs as well as recording different type I neurons (as indicated by location within the cluster) in sequence. We assume here that the cerebral C clusters are symmetrically organized. All had, as far as it was possible to test, the same physiological properties (see below). This suggested that the type I neurons formed a command system made from redundant elements. All the type I neurons had axons in the contralateral C-P connectives, with the amplitude of the extracellular action potential typically ranging from 10 to 20 pV. This was confirmed by intracellular dye injection (not shown). Dye injection also revealed a very fine ipsilateral axon, although this axon was never detected electrophysiologically. Type I neurons thus appear to project to both pedal ganglia.
Intracellular stimulation of type I neurons was highly effective in initiating the PWMP in quiescent preparations. This is shown in Fig. 1 . In this and five other experiments, 5-Hz stimulation of type I neurons initiated bursting in both the PPCN and a posterior pedal nerve branch, P9,. Figure 1 also shows the largely inhibitory spontaneous synaptic input that was characteristic of type I neurons. In addition to initiating the PWMP, type I neuron stimulation also caused increased firing by other neurons in the cerebral C clusters (Fig. 1) . The latency of this excitation was about 10 s, approximately the same as the increased unit activity leading into the first PPCN burst of the PWMP. The excitation of the C-neuron was polysynaptically mediated. As will be discussed in more detail below, no monosynaptic connections were found between type I neurons and other neurons (cerebral and pedal). These results suggest that stimulating type I neurons not only activates the PWMP generating circuitry but also other pathways that were presumably secondarily related to it.
The effect of intracellular stimulation of type I neurons on the PWMP was highly reproducible from preparation to preparation. This is shown in Fig. 2 . The PWMP began with an accelerating burst by the pedal motor neurons that was terminated by inhibitory synaptic input (10). The termination of the motor neuron burst provided an objective point for measuring the PWMP. The program period was defined as the time from the termination of one motor neuron burst to the termination of the next burst. As can be seen in Fig. 2 , the effect of stimulating three different type I neurons in three different preparations was virtually the same. There was a roughly fivefold reduction in the program period during the stimulation.
The motor program was maintained until the 160 stimulation was terminated, following which the program period again increased. In some preparations the PWMP continued for up to five cycles before either returning to prestimulus durations or stopping altogether. More typically, the PWMP ceased within two to three cycles. None of the preparations exhibited any long-term PWMP bursting in the absence of type I neuron firing. It is important to note that different type I neurons in the same preparation were equally effective (see Figs. 7 and 12) and evoked the same motor program both qualitatively and quantitatively. In addition, simultaneously depolarizing two type I neurons was more effective than driving either one alone. This summation has not yet been quantitatively examined in detail however.
In three preparations, the relationship between the type I neuron firing frequency and the PWMP was examined. The results of a typical experiment are shown in Fig. 3 . Driving a type I neuron at 2 Hz was nearly as effective in initiating the PWMP as higher (5 and 8 Hz) frequencies. The minimum program period was approximately the same over a fourfold range of type I firing frequencies. While there was some preparationto-preparation variation, the threshold for initiating the PWMP by stimulating a single type I neuron appeared to be about 1.5 Hz. Stimulating the same neuron (as in Fig. 3 ) at 1 Hz for nearly 3 min failed to initiate the PWMP (Fig. 4) . The PWMP was turned on after about 20 s when the type I neuron frequency was increased to 2 Hz. Once initiated, 1 -Hz stimulation was capable of maintaining the PWMP. Further increases in stimulus frequency transiently increased the burst frequency (Fig. 4) .
While there was little difference in the minimum evoked program period for type I neuron firing frequencies between 2 and 8 Hz, there was a definite effect on the latency with which the PWMP was initiated. Figure  5 shows that with increasing type I firing frequency there was a linear decrease in the latency to the start of the first PWMP burst.
t
The degree to which the PWMP was active had a significant influence on the latency to burst. As seen in Fig. 5 , the latency at a given frequency was longer when the PWMP was quiescent than when the PWMP was spontaneously active. Spontaneous activity was defined as any bursting occurring 1 min or less prior to stimulation.
If extended, both lines would reach zero latency at about 8 Hz.
In reality the line tailed off at 8 Hz. This is probably the result of there being a minimum time in which the PWMP can be initiated. Driving the command neurons at progressively higher frequencies (above 8 Hz) would presumably be unable to reduce that minimum processing time.
Repetitive stimulation of the command neurons affected the timing of the PWMP. This can be seen in There was only irregular unit activity in the PPCN. Driving the type I neuron at 1 Hz did not initiate the PWMP. When the frequency was increased to 2 Hz, the PWMP was triggered, as evidenced by bursting in the motor neurons and the PPCN. Once initiated, l-Hz stimulation was able to maintain the PWMP. Further increases in driving frequency to 2 and 3 Hz increased PWMP activity as evidenced by accelerated motor neuron bursts. PWMP activity ceased several cycles after the type I neuron stimulation was terminated, with the neurons returning to tonic firing. Note the absence of any indication of monosynaptic connections between the type I neuron and the motor neurons. The PWMP ran for almost 15 min.
ulation. Although not systematically inves-
The effect of repetitive type I neuron stimtigated, it appeared that the increases in pro-ulation on the PWMP was examined in order gram period during a stimulation were ac-to determine if the cumulative increases in centuated by high-frequency stimulation.
program period observed were due to deteWhile ~-HZ stimulation had the shortest la-rioration of the preparation or synaptic dectency for initiating PWMP bursting, it was rement. In these experiments, the stimulus also less effective in maintaining the PWMP frequency (5 Hz), duration (3 min), and inthan lower frequency stimulation.
terval between stimulations ( 10 min) were 5. The effect of command neuron frequency on the latency of pedal wave motor program initiation. Increasing the frequency of type I neuron stimulation in a quiescent preparation (circles) caused a linear decrease in the latency from the onset of the stimulation to the start of the first PWMP burst. Type I neuron stimulation when there was spontaneous PWMP activity (squares; typically from prior command neuron stimulations) caused a shift to shqrter latencies. If extrapolated, both lines would reach zero latency at about 8 Hz. In reality there was a tailing off at 8 Hz. Only data from a single command neuron was used here in order to eliminate preparationto-preparation variation.
held constant. As seen in Fig. 6 , repetitive had been stimulated 7 times over a period stimulations caused a progressive shift toof 3 h. That the two curves are virtually the ward longer program periods. This was more same indicates that there was no significant pronounced in later program cycles than for overall deterioration in the oscillator-motor the initial reduced period cycle. Thus by the neuron circuitry. This argues that the changes fourth program cycle of the fifth stimulation, in the PWMP seen in Fig. 6 were the result the period was nearly twice that of the fourth of decrement, presumably at the type I neuprogram cycle of the first stimulation (Fig. ron-oscillator synapse(s). The results in Fig.  6 ). These results are in good agreement with 3 suggest that this decrement occurs more those in Fig. 3 and indicate that the shifts in 2 rapidly at higher type I neuron firing frethe curves seen in Fig. 3 The above results show that intracellular stimulation of type I neurons was sufficient to initiate the PWMP. Type I neurons could also maintain the PWMP. As noted above, the threshold frequency in most preparations for initiating the PWMP was about 1.5 Hz. As seen in Fig. 4 appear to be "running on" by the program. The PWMP ended after three cycles following termination of ~-HZ stimulation (Fig. 4) . The ability for l-Hz firing to maintain the PWMP was confirmed in two other experiments. Further increases in type I neuron frequency resulted in transiently shorter motor neuron bursts and reduced program periods. Note that after the termination of the type I neuron stimulation, the motor neurons reverted to the low-frequency tonic firing they displayed prior to the onset of stimulation. These results show that low-frequency (l-2 Hz) driving of type I neurons could maintain the PWMP for many minutes. This is in reasonable agreement with type I neuron activity seen in preparations where the PWMP was spontaneously active. While irregular, in these preparations type I neurons typically fired at an average frequency of 0.6 Hz.
Type I neurons appear necessary for initiation and maintenance of PWMP Firing by type I neurons appears to be sufficient to initiate and maintain the PWMP. Of all the criteria for command neurons, that of necessity is the most difficult to satisfy. That type I neurons were necessary for PWMP generation is suggested by the observation that there were no spontaneous PWMP bursts in the absence of spontaneous type I neuron firing and that when PWMP bursts were present, at least one type I neuron was spontaneously active. Such coactivity suggests but does not prove necessity. Further evidence that type I neurons were necessary was obtained in experiments where the PWMP was initiated by electrically stimulating nerve Pg. The resultant PWMP was compared with that triggered when a single (and in one experiment two) type I neuron was held hyperpolarized below threshold. With the type I neuron hyperpolarized, the PWMP was reduced, producing fewer cycles at longer program periods. It still ran, however, and the differences seen were not dramatic. There appear to be two reasons for this. Since there are at least four (and possibly more) type I neurons, hyperpolarizing one or two still leaves two (or more) type I neurons functioning. As is clear from the results shown above, the firing of a single type I neuron is adequate to evoke the PWMP. Second, electrical stimulation of the pedal nerves not palement. A stable recording was made from only activates sensory pathways but antia single type I neuron. With the exception dromically stimulates motor neurons as well.
that it exhibited irregular spontaneous firing There is evidence ( 10, 26, unpublished ob-(< 1 Hz averaged frequency), the neuron apservations) that there is feedback from the peared otherwise normal. The PWMP was motor neurons to the oscillator circuitry, also spotaneously active. Hyperpolarizing the which is independent of the command neutype I neuron below threshold caused an rons. This would further minimize the effecabrupt increase in program period (Fig. 8) . tiveness of eliminating a single or pair of
The program period became so long that the command neurons. That hyperpolarizing a PWMP was effectively shut off. When the single type I neuron had any effect suggests neuron was released from hyperpolarization, that if one could hyperpolarize all the type the resultant rebound firing was sufficient to I neurons, the PWMP might indeed be restart the PWMP. The program period reblocked. This is just within the realm of featurned to prehyperpolarization levels after sibility if there are only four type I neurons.
two cycles. Thus in this preparation at least, If there are more, then such a test becomes the firing of a type I neuron was necessary all but impossible.
to maintain the PWMP. Given the redunIn one experiment, it was fortuitously posdancy of the system, it would seem that the sible to provide additional evidence that type other type I neurons may have been damaged I neurons were indeed necessary for both inieither during desheathing the ganglion or tiating and maintaining the PWMP (Figs. 8 attempted penetration, with the result that and 9). In this preparation many of the cethe recorded neuron was the only one still rebral neurons had either suffered damage
functioning. An alternative explanation for during desheathing or were injured on imthese results is that while all the type I neu- 9 . Type I neuron firing was necessary for sensory-evoked initiation of the pedal wave motor program. A type I neuron (LC,), the parapedal commissure nerve (PPCN), and posterior pedal nerve (LPgc) are shown. Stimulating one anterior tentacle with salt (first arrow) caused accelerated type I neuron firing and increased PWMP activity, as evidenced by the bursts in the PPCN and LP sc. Hyperpolarizing the type I neuron below threshold (downward arrowhead) caused the PWMP to slow down. Stimulating the same tentacle (second arrow) and the other tentacle (third arrow) caused minimal command neuron firing due to the hyperpolarizing current. The stimulations failed to retrigger the PWMP. Bursting in the PPCN and LPg, continued to decline. When the type I neuron was released from hyperpolarization (upward arrowhead), PWMP bursting in both nerves resumed. This indicated that the firing of the type I neuron was necessary for sensory initiation of the PWMP. Note: both tentacles were tested prior to and immediately after obtaining the above records and were found equally effective in triggering the PWMP. Stimulating the second tentacle served as a control for any sensory adaptation and habituation that stimulation of the first tentacle at short intervals might have produced.
rons are sufficient, some, and the one shown in Fig. 9 in particular, are more important than others. The results obtained in other experiments do not support this, however.
In the same preparation it was also possible to show that the firing of this type I neuron was necessary for sensory initiation of the PWMP. Figure 9 demonstrates that presenting a noxious stimulus (salt) to one of the anterior tentacles triggered increased type I neuron firing and the PWMP. Stimulating the other tentacle was equally effective. Seaweed extract stimulation (not shown) also caused increased firing, but was less effective (in this preparation) than was the salt. Similarly, in every preparation, tactile stimulation of the tentacles and electrical stimulation of the posterior pedal nerve either initiated or increased type I neuron spiking. Following the initial salt stimulation, the type I neuron was then hyperpolarized below threshold (Fig. 9) . As in Fig. 8 , this shut off the PWMP. Presenting the salt stimulus first to one tentacle and then the other failed to turn on the PWMP. Very strong current was required to prevent the neuron from firing during stimulus presentation. This resulted in the noisy base line seen in Fig. 9 . The stimulus paradigm eliminated the possibility that failure to evoke the PWMP might have been due to sensory adaptation or habituation along the sensory pathway. When the type I neuron was released from hyperpolarization it fired strongly with a peak frequency of 8 Hz for 3 s. The firing frequency then declined to 3 Hz after 10 s. The PWMP bursting resumed. Stimulating the tentacles with salt with and without the type I neuron being hyperpolarized was repeated 3 times. Each time when the type I neuron was permitted to fire, the stimulus triggered the PWMP. When the neuron was strongly hyperpolarized, it did not. While not ideal, these results indicate that collectively the type I neurons probably are necessary for PWMP generation as well as being individually sufficient.
Type II neurons In addition to the type I command neurons, the cerebral C clusters contain at least two type II neurons that met several but not all the command neuron criteria. Type II neurons were encountered less frequently than type I neurons, being recorded in only 57% of the preparations (compared to 70% for type I neurons). They had axons in the contralateral C-P connective and were characterized by primarily excitatory spontaneous synaptic input. Type II neurons were excited by stimuli that evoked the PWMP. The latency for the onset of motor neuron bursting was longer, the motor neuron bursts were weaker (lower firing frequency), and fewer cycles were triggered as compared to the type I neuron shown in A. While sufficient to initiate the PWMP, type II neurons were less effective in doing so than type I neurons.
Like type I neurons, intracellular stimulation of type II neurons was sufficient to turn on pedal wave bursting in quiescent preparations (Fig. 10) . Type II neurons were much less effective than type I neurons, however. Type II neurons had to be driven at higher frequencies than type I neurons to initiate the PWMP. The threshold frequency for type II neurons was about 3 Hz, as compared to 1.5 Hz for type I neurons. As can be seen in Fig. 10 , the latency to the first burst was also much longer for type II neurons. The latency for a type II neuron driven at 5 Hz was approximately 18 s, as compared to about 10 s for a type I neuron driven at 5 Hz in the same preparation. As can be seen in Fig. 11 , the overall PWMP output was also less. Not only were the program periods longer, but the PWMP ran for fewer cycles as well, even though the duration of the stimulus was approximately the same. Although not investigated in detail, it appeared that the abilitv of type II neurons to drive the PWMP declined much more rapidly with repetition than did type I neurons. The difference in efficacy between type I and type II neurons shown in Fig. 10 was not due to deterioration of the preparation. The type II neuron stimulation occurred several hours before that of the type I neuron. Nor was this difference due to neuron-to-neuron variation, since Fig.  7 showed that driving two type I neurons in the same preparation had virtually the same effect on the PWMP. In fact, comparing Fig.  11 and Fig. 2, it and maintenance of the PWMP in that the PWMP (both spontaneous and evoked) occurred in the absence of their firing. Type I and type II neurons differed in other respects in addition to their efficacy in driving the PWMP. Type II neurons had different (compared to type I neurons) synaptic input and synaptic interactions both with themselves and with type I neurons. This will be discussed in more detail below. Some results suggest that type II neurons interact differently with the PWMP generating circuitry than type I neurons. Brief ( 10 s) stimulation of type I neurons usually evoked firing in both the pedal nerves and PPCN. Brief stimulation of type II neurons rarely triggered PPCN spikes but increased the firing frequency of several pedal nerve units at short latency. These units differed in amplitude from those evoked by type I neuron stimulation (not shown). PPCN spikes frequently occurred after type II neuron stimulation ended. Since neither type I nor type II neurons appeared to synapse directly on pedal motor neurons (Fig. 9) these results raise the possibility that type I and type II neurons make different connections with the interneurons that drive the pedal motor neurons.
Synaptic interactions command neurons among
Type I command neurons were characterized by common synaptic input and firing patterns. This was true for both ipsilaterally and bilaterally recorded pairs. Figure 12 shows two simultaneously recorded ipsilatera1 type I neurons. They had nearly identical firing patterns and synaptic input. Such similar firing might be due to either electrotonic coupling or reciprocal excitatory synapses. No electrotonic coupling between type I neurons was observed. When one type I neuron was depolarized, both ipsilateral and contralateral type I neurons were hyperpolarized due to increased inhibitory synaptic input (Figs. 12 and 13) . Hyperpolarizing a type I neuron had no effect on the membrane potential of other simultaneously recorded type I neurons. Type I neurons thus had neither electrotonic nor chemical monosynaptic connections among themselves. Their very similar firing patterns were due to common synaptic input, such as that evoked by sensory stimuli.
Type I neurons exhibited two significant sources of synaptic input in addition to that mediated by sensory pathways. The first of these was recurrent inhibition. As seen in Figs. 12 and 13 , stimulating one command neuron caused short-latency (< 1 s) inhibitory input in the other command n eurons. Although it is largely obscured by spiking, intracellular stimulation also caused increased inhibitory input in the stimulated neuron (Fig. 13) . This was only reasonable because the inhibitory input was common to all the type I neurons. Since the inhibitory postsynaptic potentials (IPSPs) were not 1: 1 with the type I neuron spikes, the inhibition was not monosynaptic.
The inhibitory input, while recurrent, was of the Renshaw type being mediated by an interneuron rather than collaterals from the type I neurons themselves. A second source of input to the command neurons was weak excitatory feedback. This can be seen in the initial part of Fig. 12A . The command neurons exhibited increased firing during each pedal wave burst. Since all experiments were done in an isolated nervous system, the excitation was not due to sensory feedback from the foot. Nor were there any connections from the recorded motor neurons to the type I neurons (Figs.  4, 10, 12 ). Although connections with other motor neurons cannot be excluded, these results suggest that the command neurons received excitatory feedback from the PWMP oscillator circuitry. The lack of mutual excitatory connections among type I neurons and the short-latency inhibitory feedback was significant for another reason. Since driving one type I neuron inhibited the other type I neurons, the effect of such driving on the PWMP was due to the stimulated type I neuron alone. As is clear in Fig. 12 , driving a single type I neuron for 3 min did not turn on the entire comma nd neuron population. Each type I neuron was indivi .dually sufficient, making the command system truly redundant.
Type II neurons were characterized by common excitatory synaptic input. As with the type I command neurons, type II neurons were not interconnected by either electrical or monosynaptic connections. However, FIG. 12. Interactions between command neurons. A: two command neurons (RC,) fired in near synchrony during spontaneous PWMP generation. Note the increased firing during each pedal motor neuron (LP,,) burst. Intracellular stimulation of one command neuron (top trace) increased the motor neuron bursting but hyperpolarized the second command neuron (middle trace) due to increased IPSPs. B: a continuation of records in A. Stimulating the second command neuron also increased PWMP bursting and inhibited the first command neuron. This shows that the two neurons were not electrically coupled and that the inhibitory connections were reciprocal. The common inhibitory input to both neurons can be seen in the latter part of the record.
there were polysynaptic interactions between this was due to increased IPSP frequencies. type I and type II neurons. Stimulating type
The results indicate that while the effect of I neurons excited type II neurons (Fig. 13) 13 . Reciprocal recurrent inhibition among command neurons. A, B: two ipsilateral type I neurons (RCIA, RCia) are shown. A 10-s depolarizing pulse injected into one command neuron caused it to fire and hyperpolarized the other with a latency of <l s, due to increased IPSPs. The firing of the depolarized type I neuron was slowed due to increased IPSPs in it as well. This input was particularly evident in A. This indicates that the inhibition was recurrent as well as reciprocal. The connection was not monosynaptic, since the IPSPs did not follow the presynaptic spike 1: 1. There was common inhibitory synaptic input to both command neurons. C, D: a bilateral pair of type I neurons (RC,, LC,) are shown. Here too, depolarizing one hyperpolarized the other. As with the ipsilateral pair, interactions were reciprocal but not monosynaptic. E: depolarizing a type I neuron (LC,) polysynaptically triggered spiking in a contralateral type II neuron (RC,,). Note that the type II neuron received primarily excitatory synaptic input, compared to the inhibitory input in the type I neuron.
to the increased type II neuron firing they evoked.
Type III neurons
Neurons that had axons in the C-P connectives and altered pedal motor activity but did not initiate the PWMP were considered to be type III neurons. This classification included several different types of neurons. Various type III neurons were found in 83% of the experiments. Foremost among these were neurons that made monosynaptic connections with pedal motor neurons. Eighty percent of the type III neurons indirectly "modulated" pedal motor neuron firing.
When they were stimulated, the frequency of motor neuron firing typically increased; when they were hyperpolarized, it decreased. Other type III neurons altered the timing of the PWMP (see below). While no synaptic connections between type I and type II neurons and pedal motor neurons were ever observed, type III neurons made apparently monosynaptic connections with pedal motor neurons. Both excitatory (Fig. 14) and inhibitory (Fig. 15) connections were observed. These connections appeared to be monosynaptic in that the PSP followed the driven spike in the type III neuron 1: 1 at a constant latency. Figure 14 shows a neu- FIG. 14. Type IRA neurons made excitatory monosynaptic connections with pedal motor neurons. A: intracellular stimulation of a type IRA neuron (RCuIA) evoked 1:l constant-latency EPSPs in a pedal motor neuron (LPMNI). The motor neuron was hyperpolarized to prevent its firing. The spike in the type IIIA neuron was largely obscured by the artifact caused by the failure of the bridge to remain balanced. Note the polysynaptic EPSP that followed the monosynaptic EPSP in the motor neuron. This is an example of feedforward summation. A second motor neuron (LPUN2 in C) also received the same polysynaptic EPSP. B: EPSPs in the motor neuron followed spikes in the type IIIA neuron 1: 1. The motor neuron was hyperpolarized to prevent its firing. C: driving the type IRA neuron at 5 Hz caused strong firing in the one pedal motor neuron due to the monosynaptic EPSP and feedforward summation. A second motor neuron also fired strongly due to polysynaptic EPSPs. The stimulation failed to evoke PPCN bursting although it did trigger tonic firing by a unit in the PPCN. The large tonic unit in LP,, was inhibited, while other smaller units were excited by the type IRA neuron stimulation. There was no bursting characteristic of the PWMP.
ron, termed type IIIA, that made an excitatory monosynaptic connection with one motor neuron and a polysynaptic excitatory connection with a second motor neuron. Strong polysynaptic connections were distinguished by their variable latency and failure to follow the presynaptic neuron at higher firing frequencies. The first motor neuron in Fig. 14 received a ,polysynaptic excitatory postsynaptic potential (EPSP) from the type IIIA neuron in addition to the monosynaptic EPSP. The second motor neuron only received the polysynaptic EPSP. When the type IIIA neuron was driven at 5 Hz, it caused strong (nearly 1: 1) firing in both motor neurons, particularly the first, due to feedforward summation. Other motor neurons with axons in the pedal nerves were inhibited. However, ~-HZ stimulation failed to evoke any patterned activity resembling the PWMP.
Type IIIB neurons made inhibitory monosynaptic connections with pedal motor neurons (Fig. 15) . Type IIIB neurons were unusual in that they did not decussate, having FIG. 15 . Type IIIB neurons made inhibitory monosynaptic connections with pedal motor neurons. A: intracellular stimulation of a type IIIB neuron (LCuIB) evoked constant-latency 1:l IPSPs in a pedal motor neuron (LPMVINI). The cerebral neuron also caused polysynaptic IPSPs in another pedal motor neuron (LPMNZ in C). B: IPSPs in the pedal motor neuron followed the driven spikes in the type IIIB neuron 1: 1. C: driving the type BIB neuron at 7 Hz failed to initiate the PWMP. The two intracellularly recorded pedal motor neurons were inhibited, LPMm monosynaptically and LP MNZ polysynaptically. The type IIIB neuron excited other motor neurons, as evidenced by the increased firing by units in the PPCN. The bursting characteristic of the PWMP was absent in nerves and neurons. Note: the Type BIB differed from the type IIIA neuron in that it was an LC neuron but projected to and made connections in the left pedal ganglion. Thus it did not decussate while the type IIIA neuron did. their axons in the ipsilateral C-P connective. As with the type IIIA neuron, while one motor neuron received a monosynaptic IPSP, the IPSP in the other was polysynaptic. When the type IIIB neuron was driven at 7 Hz, both motor neurons were inhibited, as were units in Pg. Motor units in the PPCN were excited, however, indicating that type IIIB neurons make excitatory connections with some motor neurons. As with the type IIIA neurons, driving type IIIB neurons failed to initiate the PWMP. These results argue against models where command neurons initiate the PWMP by direct action on the pedal motor neurons themselves.
The type IIIC neuron differed from the others encountered in that while acting polysynaptically, it appeared to exert its effects by inhibiting the oscillator circuitry rather than the motor neurons themselves. Briefly depolarizing a type IIIC neuron altered the period of the spontaneous PWMP (Fig. 16) . When this neuron fired at frequencies of OS-1 Hz, the PWMP was inhibited. The type IIIC neuron was distinguished from the type IIIB neuron, in that it I) had an axon in the contralateral C-P connective and 2) did not excite units in the PPCN. As can be seen in Fig. 16 of the stimulation. Also when the PWMP did resume, the program period was nearly twice that of the prestimulus PWMP. This inhibition of the motor program followed by an increase in program period occurred each of 4 times that this neuron was stimulated. Thus type IIIC neurons were physiologically distinct from type IIIA and type IIIB neurons, apparently acting at the oscillator rather than the motor neuron level. Since very few type III neurons have been examined in detail, how they interact among themselves and with type I and II neurons has not yet been determined.
DISCUSSION
Since first reported by Wiersma and Ikeda (4 1) for interneurons in the crustacean nerve cord, neurons considered to serve a command function have been found in several systems. Putative command neurons have been examined in crustaceans (I), leech (40), mollusks (17), and fish (6, 7, 35, 43). The commanded behaviors have ranged from reflexes and relatively simple postural changes to complex motor patterns, such as locomotion and feeding. Several problems are encountered when these studies are compared. First, command neurons have traditionally been only operationally defined. Attempts to conform to a formal definition (3 1) have been made only recently. It is therefore misleading to compare a premotor command neuron, which monosynaptically excites motor neurons (30), with "higher order" command neurons, which release an entire complex behavior ( 17,40). More significantly, the neuronal circuitry of some behaviors, such as crayfish tailflips (44, 45), the startle response of fish (7) and swimming in the leech (37), is reasonably well understood. This has permitted the rigorous identification of small numbers of command neurons (crayfish (30, 34), fish (35), leech (40)). For other systems, such as the lobster swimmerets (4, 5) and crustacean locomotion (32), the neuronal circuitry is (or was) unknown. In these studies, presumptive command neurons were only electrically stimulated. The position the stimulated neuron occupied in the neuronal circuits was not known. Individual command neurons could not be conclusively identified from animal to animal. Another complication is that complex behaviors such as crustacean locomotion can be divided into a series of limited fixed acts, which may be individually commanded (32). The problem then becomes one of relating the command elements to each other and the intact behavior. Further difficulties arise because some neurons do not fit into neat classifications (36). Swimming in Tritonia appears to lack command neurons, possibly because while rhythmic it is largely reflexive. The C2 neurons of Tritonia can be considered to have command neuron properties but are actually part of the swim oscillator (14, 15). Some neurons are not what they were initially thought to be. The "trigger" neurons of Tritonia were considered to trigger swimming (42). It has since been shown (14) that they are not directly involved. Similarly, the metacerebral cells of Pleurobranchaea were thought to command feeding (3) but now appear to have a modulatory rather than command function. This latter system is further complicated by reports of several different command neurons mediating the same behavior (3, 16, 17 
Type I neurons
As demonstrated in the RESULTS, type I neurons met the sufficiency criterion for being command neurons for initiating the pedal wave motor program. Low-frequency ( 1 S-2.0 Hz) intracellular stimulation of any one of the four identified type I neurons was sufficient to initiate and maintain neural correlates of the pedal locomotor waves. Driving type I neurons at a constant frequency (i.e., tonic stimulation) thus evoked stable patterned (bursting) activity in pedal nerves and neurons (Figs. 1, 4, 10, 12 ). Jahan-Parwar and Fredman (22) had shown that in semiintact preparations, stretching the foot could evoke bursting in the PPCN and pedal waves in the foot. The use of an isolated CNS in the above experiments eliminated the possibility of initiating the PWMP by proprioceptive reflex. Similarly, since by nature the PWMP was patterned activity, the possibility that the type I neurons triggered some unspecified reflex can also be eliminated.
Since there were a minimum of four type I neurons in the cerebral ganglion, together they constitute a command system. Command systems can be divided into two classes. In the first, while each element may be sufficient to initiate the behavior, they function primarily as part of a network. Stimulating one command neuron not only triggers the behavior but also excites the other elements in the command system. This makes it difficult to distinguish the actions of any one element. The command neurons for swimming in the leech are an example of such a network. Each segmental ganglion contains one command neuron (cell 204). Driving any single cell 204 turns on the swim cycle, as well as other 204's in the other ganglia (39, 40). In the second class of command system, the command elements are redundant. Each command neuron functions independently of the others. Stimulating one element turns on the behavior but not the other command neurons. Thus in terms of sufficiency, each neuron functions as if there were only a single command neuron in the system. The type I neurons fit this second class. Type I neurons were not electrotonically coupled nor were there excitatory chemical synaptic connections among them. Due to reciprocal recurrent inhibition, stimulating one command neuron inhibited the others in the system. The effect on the PWMP was therefore due to that neuron alone. Normally, the type I neurons fired synchronously due to common synaptic input from sensory pathways and possibly the pedal wave oscillator as well.
That there were a minimum of four individually sufficient command neurons precluded conclusive testing of whether they were actually necessary for generating the PWMP. The advantage to redundancy is that no single command neuron is necessary, only the command neuron population as a whole. Thus it was only under unusual circumstances that reasonably convincing evidence for necessity could be obtained. The results seen in Figs. 8 and 9 are consistent with type I neurons being necessary. Along with experiments where pairs of type I neurons were simultaneously recorded, it suggests that if all the type I neurons could be hyperpolarized, they would collectively meet the necessity criterion.
The reported physiological properties of command neurons are as varied as the behaviors they command. It is hardly surprising that type I neurons had properties in common with some previously described command neurons but were different from others. For example, there was a linear decrease in the latency of PWMP initiation with increasing frequency (Fig. 5) . This has also been described in the leech (40) range of physiological frequencies once threshold was reached. More importantly, qualitatively the program evoked by type I neuron stimulation was always the same, regardless of frequency. This is in contrast to the lobster swimmeret system (4) where some command neurons were effective only over a limited range of frequencies and where different command neurons evoked different motor programs. For the range of physiological frequencies (up to 8 Hz), type I neurons were all equally effective and motor program specific.
Unlike the Mauthner cells of teleost fish (6) and the lateral giant fibers of crayfish (30, 44, 45), type I neurons did not synapse directly on pedal motor neurons (Figs. 4, 10,  12 ). This may be due to type I neurons acting on a higher level or organization than the Mauthner neurons and. lateral giants, which mediate defensive reflexes rather than rhythmic behaviors. Nor did the type I neurons exhibit mutual excitation (either chemical or electrical), as seen for the cell 204 population in the leech (40) and lateral giant fibers (34). On the contrary, there was reciprocal recurrent inhibition. This has also been observed in Mauthner cells (8, 29). While of short latency, it was not monosynaptic. Thus it appeared to be like the chemically mediated recurrent inhibition seen in Mauthner cells (13, 29) . No evidence was found for electrotonic inhibition, also seen in Mauthner neurons.
Excitatory feedback from the pattern generator was another property that type I neurons had in common with other command neurons (17, 40). Type I neurons tended to fire in phase with PWMP bursts (Fig. 12) . Synaptic connections from the recorded motor neurons to the command neurons were never observed (Figs. 4, 10, 12 ). Because only a small fraction of the pedal motor neuron population was recorded, the possibility that other motor neurons mediated this feedback cannot be completely discounted. Since most pedal neurons do not have axons in the C-P connectives (unpublished observations), it seems more likely that the weak excitatory feedback comes from the PWMP oscillator circuitry. In Pleurobranchaea, cerebral command neurons receive excitatory feedback from the feeding motor network via "corollarv discharge" interneurons (17). As noted above, cell 204, one of the command neurons for swimming in the leech, also receives excitatory feedback from the swim oscillator (40). On the other hand, type I neurons did not exhibit spike broadening, which contributes to the command ability of the buccal ganglia ventral white cells of Pleurobranchaea (16). It must be noted that spike broadening has not been reported for cerebral neurons also thought to command feeding in Pleurobranchaea ( 17). In summary, given the diversity of putative command neurons, comparisons with type I neurons must be made in a functional context. Type I neurons appeared to be coordinated by common synaptic input (Figs. 12,  13 ). All the type I neurons were excited by sensory inputs, which are known to evoke locomotion in freely behaving animals. There was also excitatory feedback during the PWMP (Fig. 12) . By firing in synchrony, the command system might be able to operate at lower firing frequencies than would otherwise be possible. This assumes that there is summation of type I neuron inputs onto their followers in the PWMP generating circuitry. Limiting the firing frequency of the command neurons may be significant since high-frequency stimulation in particular appeared to increase the rate of decrement that occurred with repeated stimulation (Fig. 3) . At this time the nature of the decremental process is not known. It may be habituation, frequency depression, or some combination of the two. The excitatory feedback to the command neurons may serve two functions. The first is that it provides a mechanism for and probably helps sustain spontaneous locomotor activity. Second, for sensory-evoked locomotion, it may help compensate for declines in sensory input due to sensory adaptation and habituation in the sensory pathways. This too would help sustain long bouts of locomotion. The function of the recurrent inhibition (Figs. 1, 12, 13) is less clear. The most obvious function is to limit the command neuron fi.ring frequency. Since l-Hz firing (or even less, judging from spontaneous activity) was adequate to maintain the PWMP (Fig. 4) (Figs. 14, 15 ). These neurons have properties which weakly excite the PWMP oscillator that are consistent with a modulatory rather (Fig. lo) , also caused polysynaptic inhibition than a command function. By being able to in the command neurons. As with the reincrease or decrease the firing of pedal motor current inhibition among the type I neurons, neurons, type III neurons could play a sigthis would counterbalance the resulting exnificant role in determining the expression citatory feedback from the oscillator to the of the PWMP. There appears to be a broad command neurons. spectrum of type III neurons. At one extreme
Type II and type III neurons Type II neurons, while sufficient to initiate the PWMP, cannot be considered true command neurons. First, they did not appear to be absolutely necessary for PWMP generation. Second, their overall efficacy was considerably less than that of the type I neurons (Figs. 10, 11 ). Type II neurons had to be driven at higher frequencies than type I neurons to evoke the PWMP. When the PWMP was initiated by type II neuron stimulation, it was weaker, running at much longer program periods than for type I neurons. Repeated stimulation of type II neurons produced a much more rapid decline in the number of PWMP cycles evoked than did repeated stimulation of type I neurons. Given this, one cannot account for the effectiveness of the type I neurons by their ability to excite type II neurons polysynaptically.
While type II neurons can initiate the PWMP, that probably is not their primary function. There are several alternatives that can account for the effects of the type II neurons. One is that, like type IIIA and IIIB neurons, type II neurons may have a modulatory function, but act primarily to increase the excitability of the oscillator. Another possibility is that type II neurons may trigger some other part of the locomotor sequence. Initiating the PWMP may be secondary to this. The type II neurons might be involved in the control of one of the phases of the locomotor sequence that precedes pedal wave generation, such as head extension (24). This would be consistent with their apparently indirect effect on the PWMP. are the type III neurons that made monosynaptic connections with the motor neurons. Others acted polysynaptically and thus were less influential. At the other extreme were neurons like the type IIIC, which appeared to act at a level several synapses removed from the motor neurons. Although type IIIA and IIIB neurons had opposite effects on some of the motor neurons, they might still function in a coordinated fashion. Types IIIA and IIIB neurons might fire out of phase with each other due to appropriate feedback from the oscillator. In this case, the firing of type III neurons would serve to sharpen and reinforce the oscillator input to the motor neurons. Another possibility is that types IIIA and IIIB neurons mediate reflexes that are only indirectly related to locomotion. These alternatives may be distinguished when more is known about the synaptic and timing relationships of the type III neurons.
Type IIIC neurons were distinctly different from the others in that they appeared to act primarily on the PWMP oscillator rather than the motor neurons. Type IIIC neurons could inhibit the PWMP and increase the program period (Fig. 16 ). Type IIIC neurons provided an important element in the locomotor control system, since they effectively shut off the PWMP. Such inhibition is necessary for the execution of competing behaviors, such as feeding and copulation. This suggests that they are approximately fourth-or fifth-order along the food sensory pathway. The type I neurons did not receive direct synaptic input from either the A-or B-neurons. Thus, their exact position in the sensory-to-motor pathway is not yet certain. There is probably divergence of the pathway at the level of the third-order neurons ( 11). The command neurons receive two other sources of excitatory input. One is from the foot via pleural neurons. Neurons in the pleural ganglia respond to proprioceptive, nociceptive, and mechanosensory input from the foot (25). These neurons make monosynaptic connections with neurons in the cerebral ganglion (9) as well as with pedal motor neurons (38). A final source of command neuron input is the feedback from the oscillator described above. The command neurons in turn drive the pedal wave oscillator. Although very little is known about the oscillator, it is almost certainly of the interneuronal network type (10). The oscillator network excites the pedal motor neurons in their proper phase and sequence. There is evidence that the oscillator receives feedback from the pedal motor neurons ( 10). Sensory input from the foot also excites the oscillator (22, 26) probably via pleural neurons. Since there are proprioceptive reflexes in the foot (22, 23), there is mono-and polysynaptic sensory input to the pedal motor neurons themselves. Although modulation of locomotion is typically considered in terms of sensory feedback to the oscillator and/or motor neurons (36), there is also higher order modulatory input. This is well known in vertebrates (18). This can (and in Aplysia does) act at both the oscillator and motor neuronal levels. Type II neurons can be considered as modulatory since they appear to excite the oscillator polysynaptically.
Control of locomotion
Type IIIC neurons, as noted above, inhibit the oscillator. Types IIIA and IIIB neurons also appear to be modulatory, acting both mono-and polysynaptically on the pedal motor neurons. The locomotor control system of Aplysia thus exhibits many of the organizational features of other invertebrate and vertebrate locomotor systems. Given this similarity, elucidating the principles of organization for locomotion in Aplysia should have general significance.
